of Health, Bethesda, Maryland THE ORIGINAL OBJECTIVE of this research was to apply a mathematical theory of generalized dendritic neurons (36) (37) (38) (39) to the interpretation and reconstruction of field potentials observed in the olfactory bulb of rabbit (32, 33) . In the course of pursuing this objective, we were led to postulate dendrodendritic synaptic interactions which probably play an important role in sensory discrimination and adaptation in the olfactory system (40). More specifically, our initial aim was to develop a computational model, based on the known anatomical organization of the olfactory bulb and on generally accepted properties of nerve membrane, that could reconstruct the distribution of electric potential as a function of two variables, time and depth in the bulbar layers, following a synchronous antidromic volley in the lateral olfactory tract. The experimental studies of Phillips, Powell, and Shepherd (32, 33) had previously established that the recorded potentials at successive bulbar depths are highly reproducible and correlated with the histological layers of the bulb. These authors recognized the importance of this finding in relation to the symmetry and synchrony of activity in the mitral cell population; they deferred the interpretation of these potentials, in terms of specific neuronal activity, with a view to the present theoretical study.
METHODS

Physiological
The experiments were performed on young rabbits under urethan-chloralose or Nembutal anesthesia. The surgical procedures for exposing the olfactory bulb and lateral olfactory tract, and the details of the stimulating and recording techniques, have been previously described (33) .
As illustrated in Fig. lB penetrated first the dorsal hemisphere of the bulb and then continued on through the ventral hemisphere usually showed responses which were similar in pattern and magnitude, and the same held for recordings from the medial and lateral hemispheres of the bulb (cf. ref. 33, Plates 2 and 3). We conclude that roughly the same proportion of mitral cells per unit area of mitral body layer was invaded antidromically throughout most of the bulb. The synchrotiy of antidromic invasion in a given region of the bulb was indicated by the brevity and sharpness of the response. The great majority of unitary spikes recorded from the mitral cell layer during antidromic invasion occurred during the first millisecond of the evoked response, i.e., during period I of Fig. 4 below (33, 46) . The input from the recording electrodes was capacitor-coupled with a time constant of about 1 sec. This was long enough to ensure that there was negligible distortion of the relatively rapid potential responses in the period of a few milliseconds which was under study; it was short enough, on the other hand, to provide for accurate superimposition of successive responses on the oscilloscope screen. Tracings such as those in Figs. 3 and 4 were made from records in which 10 responses were superimposed at a rate of l/set.
Anatomical
The method for correlating the sequence of summed potential transients with the successive laminae of the bulb is fully described by Phillips et al (33) . Further studies of bulbar structure were carried out with material fixed in Bouin's fluid, embedded in paraffin, and stained with cresyl violet (49). The aim of these studies was to characterize the over-all symmetry of the bulb and to make quantitative estimates of the density and dimensions of the mitral cells for use in the computations, as described below.
GLOMERULUS
MITR
The olfactory bulb, as its name implies, approximates in form to a sphere. Figure  1B shows C,= membrane capacity; G, = resting membrane conductance; G, = excitatory membrane conductance with E, as the excitatory emf; Gj =inhibitory membrane conductance with Ej as the inhibitory emf; Vi = intracellular potential; Ve = extracellular potential; I, = net membrane current; ri designates intracellular core resistance between neighboring compartments. size used in the physiological experiments was 3 to 4 mm in the transverse axis; a value of 2 mm for the bulbar radius provides a reasonable approximation. Along this radius the inner glomerular boundary lay at 0.3 mm and the mitral cell bodies at 0.7 mm from the outer surface, for the experiment depicted in Figs. 3 and 4. These were typical figures, and imply lengths of primary (or radial) mitral dendrites of some 400 p. The diameters of the primary dendrites ranged from 2 to 10 p, with an average of around 6 h. The trunks of the mitral secondary dendrites are somewhat smaller, around 4 p, in diameter; according to Cajal (41) they are cc . . . two, three or more in number." From Cajal's diagrams of Golgi-stained sections one can see that these secondary dendrites divide several times, and that they often exceed the primary dendrite in over-all length.
The secondary dendrites tend to run in the anteroposterior axis of the bulb (49). We are assuming that during antidromic invasion the radial component of extracellular current around the secondary dendrites summates approximately with the current around the primary dendrite, so that the whole mitral dendritic tree can be lumped together as a single equivalent cylinder (see Fig. 2 ). From the classical work with the Golgi stain it has been known that the other main constituent of the external plexiform layer consists of branching dendritic processes from the granule cells; one of these is depicted schematically in Fig. 1A . There are many granule cells relative to mitral cells (cf. Fig. 3) , and each granule cell branches profusely in the external plexiform layer. It could be assumed therefore that most of the external plexiform layer is taken up by the granule cell dendritic branches and their dendritic spines; this has recently been borne out by electron micrographs (44, 45; also T. S. Reese, unpublished observations 
I. Electrophysiological recordings to be interpreted
A shock delivered to the lateral olfactory tract sets up a synchronous volley of impulses in the mitral cell axons. The impulses travel antidromically in the axons into the olfactory bulb, where they invade the bodies of the mitral cells (see Fig. 1 ). This activity generates extracellular current, and the microelectrode records the potential changes, relative to the reference electrode, caused by the summed current flow generated by the whole population of active mitral cells. Other cells within the bulb are also activated, of course, but the mitral cells are of first interest because they are the main cells in the bulb known to send their axons into the lateral olfactory tract, where electrical stimulation is applied. In the following reconstruction, therefore, current flow around other active elements will be discussed only after the mitral cells have been accounted for. A typical sequence of recordings from the surface to the depth of an olfactory bulb is shown on the right in Fig. 3 . On the left is l In his analysis of the potential field in squid retina, Hagins (16) recognized and exploited the notion that the potential field becomes effectively one-dimensional when a population of suitably oriented cells is activated synchronously by a suitable stimulus. Time scale for responses in msec; small dots show base line at Z-msec intervals.
Depth scale at left in 100-p divisions.
Histological layers: olfactory nerve, glomeruli, external plexiform, mitral cell body, granule cell, after Phillips et al. (33) . Vertical bar at lower right is 1 mv. juxtaposed a tracing of a histological section containing the microelectrode path over which these records were obtained. The records are shown connected to the depths at which they were recorded, due allowance being made for distortions during the histological procedures (33). Each record begins with a short base line, followed by a gap indicating the artifact associated with the shock delivered to the lateral olfactory tract, and then a sequence of positive or negative potential deflections.
Both the temporal and the spatial sequences are highly reproducible, and were used routinely, at the time of recording, to locate the depth of the recording pipette tip (32, 33, 46) . Recordings similar to those in Fig. 3 where the mitral dendrites arise; the glomerular layer (GL) where the primary dendrites terminate;
an intermediate depth in the external plexiform layer (EPL) along the dendritic shafts; and also a deeper location in the granule layer (GRL). The records taken at these depths (in Fig. 3 ) are shown on a more expanded time base in Fig. 4 , labeled accordingly.
With this time resolution it can be seen that the initial part of the response at the MBL consists of a negative deflection followed by a positive deflection, while the response at GL is similar but of opposite polarity;
the response at an intermediate depth (EPL) is a triphasic (+ -+) sequence. From these features we designate three time periods which are crucial for the analysis of the mitral cell activity responsible for these potential transients. During period I there is in general a positive peak at GL and a negative peak at MBL. During period II there is a reversal to a negative peak at GL and a positive peak at MBL.
These first two periods each last about 1 msec, and cover most of the duration of mitral cell activity. Period III then follows, from about 3.5-8 msec and beyond;
during this period we infer (see PART IV of RESULTS) a dominance of granule cell potentials.
We wish to draw attention to the fact that, to a first approximation, the records at the origin and termination of the mitral dendrites (MBL and GL, respectively) are of similar time course but of opposite sign. In the theoretical treatment below a precise proportionality (with opposite sign) is predicted for that part of the response due to activity in the mitral cell bodies and dendrites.
Deviations from a precise proportionality will be attributed to activity in other bulbar elements and in granule cells. This theoretical treatment thus avoids the common neurophysiological practice of treating the negative spike in Fig. 4 as an entity, to be followed through the successive layers and then assigned a conduction velocity. We will show instead that the GL negativity of period II can be regarded as a sign of soma membrane repolarization rather than a sign of arrival of depolarization at the dendritic periphery.
II. Im@ortance of bulbar symmetry and synchrony
An attempt at understanding field potentials in the central nervous system should take full advantage of whatever geometric symmetry is provided by the anatomical structures and whatever synchrony of activity in the neuronal population can be obtained experimentally.
Both the degree of symmetry in the rabbit olfactory bulb and the degree of synchrony in the above experiments provide one of the most favorable situations available for study in the mammalian central nervous system. Given these favorable conditions, one can entertain the notion of an idealized system having perfect symmetry and synchrony. Some of the general theoretical consequences of such an idealized system can then be explored and compared with general features of the experimental observations. First, we imagine an idealized bulb with perfect spherical symmetry, in which the antidromic activation of the mitral cells is assumed to be perfectly synchronous.
In this idealized bulb all of the mitral cells are equal in size; all have their cell bodies at the same distance from the center of the spherical bulb; and all have their primary dendritic axes oriented radially outward.
The mitral cell bodies are equally spaced throughout the thin spherical shell (mitral body layer) which contains them.
A two-dimensional schematic diagram of such radial symmetry is shown in Fig. 5A . The puncture of this spherical symmetry (corresponding to the connection of the olfactory bulb to the telencephalon)
is indicated by Fig. 5B . In both diagrams a cone has been sketched in as a reminder of the three-dimensional aspect of our problem.
Also, this cone suggests the element of bulbar volume associated with each active mitral cell. For N synchronously active mitral cells, we think of the entire spherical volume as divided into N equal volume elements. The axis of each volume element coincides with the radially oriented primary dendrite of one of the N mitral cells. These volume elements will sometimes be referred to as cones, and sometimes more correctly as pyramids. Because the number, N, of active mitral cells is large, these cones should be thought of as mere slivers; e.g., N= 25,000 implies a solid angle of Q (4n/N) ~5 X 1 Om4/cone; this implies an angle of less than lo between the axis and the surface elements of the cone or pyramid.
For the idealized bulb (with perfect spherical symmetry) we assume that each active mitral cell produces exactly the same flow of electric current into its associated volume element. Then an appreciation of the spherical symmetry and synchrony can lead one to an intuitive grasp of the consequence that the current produced by each of these cells must remain confined within its own volume element. At the surface of contact between neighboring (pyramidal) volume elements, the gradient of potential and hence the current flow are completely radial.
The current is confined within each cone just as effectively as if we could dissect out a single volume element and place it in mineral oil; that is to say, the neurophysiological lore concerning the recording from axons in oil is more relevant to the present case than is the lore concerning the recording from axons in a volume conductor. We have two good reasons for considering the puncture of spherical symmetry. One is the simple anatomical fact that the olfactory bulb does not have a closed histological structure; the spheroidal cortical layers are punctured by the olfactory tract and by the retrobulbar area. However, this anatomical fact might conceivably have been of negligible importance to the over-all problem.
Our other reason for considering this puncture is that we have electrophysiological evidence for its significance.
If the bulb were completely closed, with perfect spherical symmetry and synchrony as outlined above, mitral cell activity should cause no net flow of current outside the glomerular layer; in other words, the electric potential in the outer bulb (from the glomerular layer to the bulb surface) would remain constant and be isopotential with that at the distant reference electrode. This would be an example of the "closed field" characterized by Lorente de N6 (28, 29, 37) . H owever, experimentally, we find that the recorded response at the bulb surface is not negligible, and is almost the same as at the glomerular layer (see outer two records of Fig. 3 ). In fact this surface record is roughly one-fourth as large (with opposite sign) as that obtained at the mitral body layer during periods I and II (see Fig. 4 , and compare GL with MBL record). This is clearly not a closed field; the puncture and/or departures from perfect symmetry and synchrony have significantly changed the recording situation.
Stated briefly, the fact of puncture provides an extra path for electric current to flow between the depth of the bulb and the bulb surface; this path is in addition to and lies in parallel (electrically) with all of the conical slivers (see Fig. 5B ). This extra path has a finite electrical resistance that can be viewed as part of a "potential divider." The electric potential difference between the bulb surface and the bulb depth is distributed along the resistance of this extra path, and the distant reference electrode is effectively located somewhere along this resistance; thus, the reference electrode divides the over-all potential difference into two parts.
We are concerned with current generated by each mitral cell body and its dendrites;
the primary flow of current occurs between the GL and MBL levels of each cone; a relatively small amount of current flows through the extra path ( Fig. 5B ) that is part of the potential divider. The outer arm of this potential divider consists of a series combination of the following component resistances: the radial resistance (per cone) from outer glomerular layer through the olfactory nerve layer and the pia-arachnoid of the bulb; then the resistance (per cone) from the bulb surface through the cranial tissues which lie between the pia and the nearest point that is isopotential with the distant reference electrode. The inner arm of this potential divider consists of a different series combination of resistances: the radial resistance (per cone) from the mitral body layer inward to where the axons turn to join the lateral tract; then N times the resistance outward through the bulb puncture; then N times the resistance to the distant reference electrode.
We have found it useful to think of the outer arm as having one-fourth the resistance of the inner arm.
EXAMPLE
OF POTENTIAL DIVIDER EFFECT.
Suppose that extracellular currents flowing between GL and MBL have caused the electric potential at MBL to be 2.5 mv negative relative to the potential at GL. This puts a potential difference of 2.5 mv across the potential divider. For a potential divider ratio of 1:4, there would be a potential drop of 0.5 mv over the outer arm and a potential drop of 2.0 mv over the inner arm. Relative to the distant reference point, the potential at GL must be 0.5 mv positive and the potential at MBL must be 2.0 mv negative. would be zero at the GL depth, and it would be negative, not positive, among the dendrites in the EPL. For punctured symmetry, the distant electrode is no longer isopotential with the bulb surface; it lies on the extra path for current flow from the bulb surface to the depths of the bulb. The fact that there is no path for current flow directly from the distant electrode to points along the conical volume elements provides the essential distinction between this case and the familiar case of an axon in a volume conductor. COMMENT ON SMALLER REGIONS OF SYNCHRO-NOUS ACTIVITY.
If one were to increase the size of the puncture, or to decrease the portion of the spherical layer in which synchronous activation takes place, the direction of change in the potential divider ratio is easily predicted : the resistance of the inner arm of the potential divider would be decreased; hence the ratio of the outer to inner arm resistance would be increased.
To at least a first approximation, this approach could be applied to cortical regions substantially smaller than hemispheric shells; the principal requirement would be reasonable synchrony and reasonably uniform density of many active units over the region in question. Then, except for the units near the boundary of this region, it is still approximately true that there is a conical volume element associated with each active unit and that there is no path for current flow directly from the distant electrode to points along the conical volume elements. Thus, we expect that this approach is applicable to cases of partial activation of the olfactory bulb, and that it will also be useful in the study of other cortical populations of neurons in the central nervous system.
III.
Computations for synchronous antidromic activation of mitral cell jbo~ulation
The computations are designed to represent the following sequence of neurophysiological activity in each of the synchronously active mitral cells: an impulse propagates antidromically along each mitral cell axon to the axon-hillock region; although the mitral soma membrane depolarization is slowed by the dendritic load, it finally does reach threshold and fire an action potential; this is followed by a spread of membrane depolarization out into the dendrites either rapidly and without decrement in the case of active dendritic membrane, or more slowly and with some electrotonic decrement in the case of passive dendritic membrane. This sequence of events is generated by a mathematical model that is based on wellknown electrical properties of nerve membrane and on available anatomical and physiological knowledge of the relation between axon, soma, and dendrites.
Although more details are given below (and in METHODS), a point to b e emphasized here is that the mathematical model begins with a representation of basic neurophysiological properties and generates a sequence of events that would reasonably be expected to occur in a representative mitral cell. of a neuron generates extracellular current; this extracellular current, together with that generated by other neurons, sets up a field of extracellular current flow; the details of this field depend on the geometric arrangement of the cells, their degree of synchrony or asynchrony, and the shape and possible inhomogeneity of the volume conductor; finally, the recorded extracellular potential transient depends on the location of both electrodes in this field. COMPUTATION OFEXTRACELLULARTRANSIENTS.
The computational sequence has been outlined in METHODS. A general understanding of the computed results can be obtained by a study of Figs. 6 and 7. In Fig. 6 to soma (radially inward in the bulb).
The secondary extracellular current flows outward along the external resistance path and back through the bulbar puncture. As shown in Fig. 6 , the distant reference electrode taps the potential drop along the secondary pathway, whereas the microelectrode taps the potential drop along the primary (radial) pathway. With the help of this diagram we can now explain the relation between the three columns of computed results shown in Fig. 7 .
The transients shown in Fig. 7 provide an overview of a complete set of computed results. The transient at lower left is the intracellular action potential at the soma, following antidromic propagation through the axonal compartments.
The dendrites are here assumed to be passive and are represented by compartment numbers 5 through 9. The intracellular transients at two dendritic locations, 6 and 9, illustrate the delay and attenuation of passive electrotonic spread from the soma into the dendrites, primarily during periods I and II.
As outlined in METHODS, the radial gradient of intracellular potential is used to compute the radial gradient of extracellular potential. If the reference electrode were placed near the dendritic terminals, the computed distribution of extracellular potential would result in the transients illustrated in the middle column of Fig. 7 four-fifths that of the middle column. How-similar sequence (along the dendrites) from a ever, this particular computation provided a positive peak at the dendritic terminals to a 20% reduction of the extracellular ampli-negative peak at the soma, and this sequence tudes at all depths, to allow for the possibility is also similar to that of period I in the exthat the ratio of secondary to primary extraperimental transients in Figs. 3 and 4 . Thus cellular current might be this large (see Fig. period I can be seen to provide support for 6) ; compare also shunt current correction this class of theoretical models, but no basis
It also infor deciding between active and passive eluded a cone correction (B-3 of METHODS) dendrites. providing for the change of extracellular re-During period II, significant differences sistance, re, p er unit radial distance in the can be seen between these four theoretical bulb; this correction amounted to a 10% in-sets of transients. Thus, comparing sets L4 crease of amplitude at the soma depth. and B (Fig. 8) soma are smaller and less well peaked in A The transients in Fig. 8 are associated with a period II positive peak at the soma that is approximately as large as the negative peak of period I; similarly, the period II negative peak at the terminals is approximately as large as the positive peak of period I. In other words, these are almost symmetrical diphasic transients; this can be attributed to the fact that a full-sized action potential
propagates to the dendritic terminals. Second, there is a sharper triphasic transient at the middendritic locations in the case of active dendrites. In this case the active dendrites of short electrotonic length tend to fire in synchrony with the soma; this makes the extracellular current flows smaller, and a larger factor (r,/ri) for converting from the intracellular to extracellular potentials is necessary, especially in D of Fig. 8 Fig. 4 ). Also, in the experimental records the activity in period II and period III appears to overlap. These poin ts suggest the possibili ty of at least two addi .tional genera tors of sufficient extracellular current to modify the extracellular potentials produced by the current from the mitral cells alone. Later we shall show how this additional current is most probably generated.
AMBIGUITY
OF CONDU presentation of the 'CTION VE LOCITY . In this extracellular transients, we have emphasized time periods I and II; we have not treated the negative peak as though it were an entity which propagates from the soma to the dendritic terminals. The four sets of computed results in Fig. 8 show a progressive delay of the negative peak that is quite similar to that observed experimentally. An experimental assessment of how well this progressive delay corresponds to the soma-dendritic progression of the intracellular peak would require reliable intracellular recording from several sites along the dendrites; such observations are beyond the reach of present techniques.
However, the theoretical computations can provide detailed numerical results, with good resolution for both time and distance, which are relevant to this question. Figure 9 summarizes the apparent velocities of 4 features of the computed transients, the same line with smaller slope from axon hillock to soma shows the delay of the soma action potential resulting from unfavorable geometric safety factor; from soma into dendrites the heavy line indicates the apparent velocity of the intracellular transient peak associated with electrotonic spread into the passive dendrites. This slope is approximately constant, and its magnitude is of the order of 1 mm/msec for a membrane time constant of the order of 5 msec.
We now ask whether any feature of the extracellular transients can provide a reliable guide to this apparent intracellular velocity. It is a familiar neurophysiological practice to plot, against distance, the time of onset or the time of peak of an assumed entity such as a negative wave in a set of experimental extracellular transients. Thus in Fig. 9 ; the open circles in Fig. 7 show the absence of this large shift for a plot of the extracellular negative peak, when this is referred to the extracellular potential at the dendritic terminals as in the middle column of Fig. 7 .
It is important to note that the extracellular plots in Fig. 7 Th is explains why the computed extracell .ular potentials associa ted with the axonal corn partments differ little from th at at the soma compart-2 A careful consideration of Fig. 9 suggests that a more reliable estimate of intracellular apparent velocity can be obtained from the MBL extracellular transient alone. One way to see this is that the peripheral negative peak really corresponds to the soma positive peak (i.e., the period II peak) and that the intracellular peripheral peak occurs at a time between I-II transition and II peak. For an almost instantaneous invasion, the period II peak corresponds to inflection of intracellular fall, whereas with electrotonic delay, period II peak may be very close to intracellular peripheral peak. Therefore, the time from soma intracellular peak to peripheral intracellular peak can be estimated to lie in the range of values greater than the time from period I peak to I-II transition and less than the time from period I peak to period II peak. An approximate rule of thumb for choosing a suitable value in this range is to take the time from period I peak to the time when the increasing period II peak reaches half its maximum amplitude. merit, and hence, why the computed extracellular potentials do not rev .eal the significant axon-soma delay that occurs in tracellularly.
This agreement with experiment thus provides additional support for the order of magnitude estimate made for these relative radial resistances; furthermore, this provides important indirect support for a major con-clusion3 reached in a later section of RESULTS, on the basis of very similar quantitative considerations. MITRAL EXTRACELLULAR POTENTIAL GRA-
DIENTS.
The theoretical results provide extracellular potential as a function of both depth and time. Figures 7 and 8 have displayed potential as a function of time at several depths; however, our understanding of these results has depended also upon thinking of the potential as a function of depth at several points in time. To make this point of view more explicit, Fig. 10 provides this type of' plotting for the same computed results that were plotted as transients in Fig. 8 . The points in time on the left refer to periods I and II of the previous figures.
The changing slope of these plots corresponds to the changing gradient of extracellular potential in the bulb; the direction of extracellular current flow must be everywhere downhill in these plots. The over-all result common to all four sets is that the extracellular potential falls steadily from the dendritic periphery to the soma for the earlv I and peak times of period I, and that the reverse is seen for the peak and late times of period II. This is in general agreement with the experimental plots shown in Fig. 11 . At the time of transition from period I to period II the computed extracellular potential must (by definition) be zero at both the soma and the dendritic terminals; minor deviation from this in Fig. 10 is due merely to the fact that the printed output of these computations was given in time steps that were too large to provide the precise transitional plot. Thus, it is useful to examine the plots for late I and 3 An important conclusion (in PART IV of RESULTS), that the mitral cell population could not generate the potential distribution observed during period III, is a consequence of these same quantitative considerations. Because of these relative radial resistance values, the mitral axons can be ruled out as the source of the large potential gradient generated in the depths of the granule layer during period III. This forced our attention upon the granule cell population. early II together with that for I-II transition.
Then it can be seen that in every case we find a transitional distribution of potential which has a minimum in the proximal or middendritic region. Thus, whether the dendrites are assumed to be active or passive, there is a time when the extracellular current flows from the dendritic periphery and from the (repolarizing) soma toward the middendritic region.
The experimental plots in Fig. 11 do not show a prominent minimum of this kind in the dendritic region. In addition, the potential gradients for current flow are much less steep than they are for the computed plots illustrated in Fig. 10 . These differences would appear to be due in large part to several simplifications required by the computational model. Thus in the experimental situation there is a degree of asynchrony in the activity of neighboring mitral cells. In a given cell the secondary dendrites do not reach as far radially as does the primarv dendrite. cell model are nearly completed by the time of period III (cf. Fig. 8 ). In the experimental records, on the other hand, a large positivity develops deep in the granule layer late in period II and during the initial few milliseconds of period III. Roughly simultaneously with this a large negativity develops in the deeper half of the external plexiform layer. This distribution of potential implies a substantial flow of extracellular current from the depths of the granule layer radially out-I ward into the plexiform layer. The population of cells which generates this current must possess a substantial intracellular pathway for the return flow of current from the external plexiform layer through the mitral body layer to the granule layer. The mitral cells cannot provide this intracellular pathway because their axons (in the granule layer) have a core resistance per unit length estimated as at least 25 times the effective radial intracellular resistance of their combined dendrites in the external plexiform layer.4 There is however a large population of granule cells with appropriate location and orientation and in sufficient size and number (see Figs. 1, 3, and ANATOMICAL METHODS) to provide this pathway. We therefore attempted to determine whether a reconstruction of granule cell activity could account for the experimental transients in period III. Although the computation illustrated in Fig. 12 this intensity (i.e., the total range of radius values is greater had the stepwise temporal pattern shown at for the granule cells than for the mitral cell the bottom of Fig. 12 ; these steps provide a bodies and dendrites). crude approximation to a temporally dis-It should be emphasized that this column persed synaptic input. The seven transients shows only extracellular positivity, and that displayed in the first column of Fig. 12 to the inner six comtial were referred to compartment 1 instead partments. The delay and attenuation of peak of to compartment 12, the resulting transients that occur with this electrotonic spread are would all assume negative polarity; this would similar to that computed elsewhere for syncorrespond to placing an experimental referaptic potentials (38) and for end-plate poten-ence electrode at the center of the olfactory tials (9).
bulb. However, since experimental recordings The middle column of Fig. 12 shows the are referred to a distant electrode, the tranextracellular potential transients, relative to sients in the third column of Fig. 12 show the compartment 12, that were computed from computed results for a potential divider the intracellular transients. The computation factor of l/2 ( i.e., the resistance from the disconsists merely of taking the compartmental tant reference electrode to the outer dendritic differences, AVi, multiplying by (-r&i), and terminals of the granule cells is assumed to be then multiplying by cone factor, as outlined half that of the resistance to the deep denin METHODS. Cone conductance correction for dritic terminals of the granule cells). It can be the granule model is greater than for the seen that these these transients are basically layer which grows with increasing depth, and a relatively flat response at the mitral body layer. There is an approximate temporal coincidence of the positive and negative peaks, and a steep potential gradient across the mitral body layer. In these basic features there is good agreement between the computed transients and the experimental records during period III. Also, it should be added that there was no difficulty in accounting for the magnitude of the extracellular potential gradient observed during period III in spite of the fact that the intracellular potential gradient is expected to be much smaller during granule cell synaptic activity than during a mitral cell action potential. The compensating factor is the relatively large re/ri ratio (see METHODS), estimated for the granule cell population. For example, the intracellular synaptic potential amplitude could be as little as 3 mv, with an intracellular difference of only about 1 mv between compartments 4 and 8 (in Fig. 12 ) because an rc?/ri ratio of 9: 1 would result in an extracellular potential difference of 9 mv between these EPL and GRL locations; this is even a little more than is usually observed. Alternatively, the intracellular synaptic potential could be as large as 15 mv if the rc/ri ratio were as small as 2: 1. The present experimental evidence does not permit us to determine the most probable values in this range.
ing the first 8 msec or so of the bulbar response. The column on the right can be seen to agree well with the major features of the experimental series of Figs. 3 and 4; this column actually represents the superposition of the other three columns. The mitral column presents transients identical with those of B in Fig. 8; i.e., the case of passive dendrites with electrotonic length =X/2. The granule column displays transients very similar to those computed according to the granule cell model presented with Fig. 12 . The hypothetical transients shown as dashed lines in the column labeled 'Cother" are presumed to result from deeper lying neuronal structures (see fine print below for explanation).
The three component columns of Fig. 13 are meant to represent neither a unique fit nor an exhaustive representation of components in the resultant field potential.
For example, we expect that a further small contribution to periods I and II would be provided by activity in those axon collaterals and centrifugal fibers which extend into the external plexiform layer; this contribution would be small because of the same quantitative considerations that apply to the mitral axons (see section on RELATIVE Fig. 6 ). The direction of current flow shown in A and B corresponds to that produced by mitral cells during period I; this is opposite to that produced by granule cells during period III. synaptic excitation of the granule dendrites in the external plexiform layer. Mitral cells were ruled out as the primary generators of current during period III because their axons could not provide the necessary amount of current in the deep granule layer. Synaptic excitation of deep-lying granule processes was ruled out as the primary cause, because this would produce a field potential of polarity opposite to that observed.
Synaptic inhibition of the deep-lying granule processes would produce the correct polarity of field potential, but would be unlikely to account for the observed extracellular amplitudes and would be unable to account for a subsequent granule-to-mitral inhibition:
however.
we have not ruled out the possibility that there could be synaptic inhibition of the deep-lying granule processes simultaneous with the postulated synaptic excitation of the outer granule processes in the external plexiform layer. Once this massive synaptic excitation in the external plexiform layer was recognized as the best explanation of period III, the question arose as to what the source of this synaptic excitation might be. One possibility would be the recurrent collaterals of the mitral cell axons. However, we recognized that the mitral dendrites could provide a more substantial source of synaptic excitation, provided that effective synapses exist between the intimately related dendrites (of granule and mitral cells) in the external plexiform layer. This was an intriguing possibility because the mitral dendrites are themselves depolarized late in period I and during period II, just when the synaptic excitatory activity would have to be initiated.
It was already known from unitary studies that many mitral cells undergo inhibition during period III (33), and that the minimal latency for the onset of inhibition occurs early in period III (i.e., 3-5 msec after the tract shock). From these considerations the conclusion was drawn that the granule dendritic depolarization in the EPL is in its turn both well timed and well placed to initiate synaptic inhibitory input to the mitral cell bodies and dendrites.
POSTULATED
DENDRODENDRITIC SYNAPSES.
This theoretical study thus led us to postulate, prior to any knowledge of electron-microscopic evidence, that there might be dendrodendritic synaptic connections in the external plexiform layer that could mediate mitral-togranule synaptic excitation followed by granule-to-mitral synaptic inhibition. However, since there was no precedent for this, we did not know whether to expect conventional synaptic contacts with synaptic vesicles or some new kind of contact capable of two different kinds and orientations of synaptic activity. It was thus an exciting experience to learn several months later from Reese and Brightman that their independent electronmicrographic studies (44, 45) revealed two kinds of synaptic contacts, of opposite polarity, between mitral secondary dendrites and gemmules of granule dendrites.
The polarity of these synaptic contacts was judged by the same criteria used elsewhere in the mamma-THEORY OF POTENTIALS IN OLFACTORY BULB 907 lian central nervous system (13, 31); i.e., by the grouping of synaptic vesicles close to the presynaptic membrane of the synaptic contacts (40, 44) . Then we learned that these two kinds of contacts in the external plexiform layer had been observed independently bv others (3, 18; K. Hama, personal communication). The remarkable finding of these pairs of oppositely oriented synaptic contacts fitted the needs of our theoretical postulate so well that we decided to publish jointly a brief statement of the anatomical, physiological, and theoretical considerations supporting the postulation of such dendrodendritic synaptic interactions (40) . Further studies in rat, rabbit, and cat (44) have shown that the mitralgranule-dendrodendritic synapses predominate in the inner part of the external plexiform layer; indeed, it has been shown with serial reconstructions made from electron micrographs that the inner third of the external plexiform layer contains mainly granule den-drites, granule gemmules, mitral primary and secondary dendrites, remarkably little glia, and a few unidentified endings on granule dendrites (44 and Reese, personal communication).
DISCUSSION
Postulated sequence of events
The scheme of these postulated synaptic interactions is illustrated by the diagrams in Fig. 15 ; the three diagrams at top (A) summarize the postulated sequence of events. The first diagram (I-I I) indicates that depolarization of the mitral dendritic membrane occurs during the latter part of period I, whether bv passive electrotonus or by active impulse invasion, and this causes excitatory synaptic activity (8) (3) to the mitral dendrite. This begins late in period II, when the mitral dendrite is itself repolarizing (see Fig. 7) ; the rapid process of repolarization would help shut off the (8) synapse, and would move the membrane potential in the same direction as would the developing (3) activity.
In the third diagram (III) inhibitory activity continues and produces hyperpolarization (H) of the mitral cell membrane; persisting (3) activity might be due partly to long-lasting depolarization (D) of the granule dendrite, and possibly also to prolonged transmitter release or action.
Dendritic action potentials not required for synaptic activation
With both kinds of synaptic contacts, we suggest that the synaptic activation would not require a presynaptic action potential in either dendrite; the membrane depolarization itself could activate the synapse, as has been demonstrated experimentally for the nervemuscle junction (4, 22, 24, 26) and for the squid synapse (3a, 23). The reason for considering this possibility is that this pathway has no apparent need for a propagated action potential in either the mitral dendrites or the granule dendrites;
passive electrotonic spread would seem to be sufficient for spread of depolarization over the relatively short dendritic distances involved. Except for gemmules with unusually long and thin stems, membrane depolarizations produced at individual gemm ules would spread over the granule dendritic tree and summate with each other, thus activating (in a graded manner) all of the inhibitory synapses belonging to this same granule dendritic tree. Thus, each depolarized granule dendritic tree would deliver graded synaptic inhibition not only to the mitral cells that were previously active, but also to any others with which they have synaptic contacts.
In unitary studies (15, 33, 48, 55) recordings of spikes attributable to activated granule cells have been rare; furthermore, the impulse activity was brief in relation to the long-lasting character of the mitral inhibition.
It was therefore suggested (48) that the granule cell might be capable of long-las ting transmitter liberation in the absence of the usual type of impulse activity. The role of the granule dendrites in mediating inhibition from one mitral cell to another implies a certain amount of spread of depolarization from an activated granule gemmule into the contiguous granule dendritic tree. Although this could occur to a considerably extent by passive spread alone, as pointed out above, it would of course be helped by any regenerative or "active" properties of the granule membrane.
Since normal impulse activity in granule cells is so rarely elicited, any active spread of depolarization in the granule dendrites would likely be of a decrementing or nonpropagating nature. It is also relevant to note that some of our computations explored the effect of a weakly active granule cell membrane;
we found that unless we applied synaptic inhibition to the deep (GRL) portions of the granule cells, the depolarization of the outer dendritic branches (in EPL) would spread to the deeper level too effectively, and result in an unsatisfactorv reconstruction of the extracellular potential distribution observed during period III; in other words, the simplest reconstruction of period III was obtained with passive granule cell membrane.
Function al implications of dendrodendritic synaptic pathway
It is clear from diagram A in Fig. 15 that each antidromic impulse in a mitral cell will result in subsequent inhibition back upon itself (a negative feedback).
In addition, as diagram B illustrates, depolarization of one mitral cell, by antidromic (AD) invasion, leads to inhibition of neighboring mitral cells through their contacts with mutual granule dendrites. The dendrodendritic synapses thus provide a mechanism for the inhibition (selfinhibition and lateral inhibition) which is a prominent feature of mitral cell responses to tract stimulation (15, 33, 46, 48, 54, 55 Fig. 15B ) depolarizes the primary mitral dendrite; the depolarization spreads, actively or passively, to trigger an impulse at the axon hillock and soma. The secondary dendrites are depolarized by electrotonic spread or an impulse, just as in the case of an antidromic impulse (the difference being the synaptic depolarization of the primary dendrite in the orthodromic case) and the sequence of granule excitation and mitral inhibition ensues as already described. Mitral inhibition elicited by either antidromic or orthodromic volleys should therefore be similar, and this is what has been found in physiological experiments (47, 48, 54) . The powerful nature of the inhibition is also in accord with the physiological findings. Because of the widespread distribution of the dendrodendritic contacts, activity in one mitral cell or group of mitral cells would be accompanied by inhibition of most of the surrounding inactive or less active mitral cells. It may be deduced that during natural activity a mitral cell would exert on its neighbors the kind of lateral inhibition which is a common feature of many sensory systems (17, 43). The inhibitory "surrounds" would be elongated in the anteroposterior axis of the bulb, to correspond with the orientation of the mitral secondary dendrites (49). It is for future research to test the conjecture that such lateral inhibition contributes to sensory discrimination in the olfactory system. There can be little question that both the lateral inhibition and the self-inhibition of the mitral cells must contribute to adaptation in the olfactory system; however, the relative importance of this adaptive mechanism to the total adaptive capacity of the system must be evaluated by future research.
Pathways for granule cell activation
On the basis of unitary studies it has been suggested (33, 48) that the granule cell is the general inhibitory interneuron in the bulbar cortex, mediating inhibition of the mitral cells as well as of tufted and glomerular cells. The present results support and extend that interpretation.
With regard to the pathway for granule cell activation, the present evi-dence suggests that the primary pathway for the case of antidromic mitral invasion is by way of the synaptic connections between mitral secondary dendrites and granule dendrites in the external plexiform layer. It would appear that this is also the main pathway during orthodromic activation via the olfactory nerves. But we should like to emphasize that this does not exclude the possibility, or indeed likelihood, of other inputs to the granule cell, in either these cases or in other cases. For instance, the present evidence does not exclude the possibility that mitral axon collaterals deliver an input to the deep granule cell processes during antidromic mitral invasion; this would be in analogy with Renshaw inhibition in the spinal cord, as was postulated in the early unitary studies (8, 33, 48) . The evidence does however suggest that this input, if excitatory, is limited, since it would give rise to extracellular potential gradients the reverse of those which actually occur during the onset of mitral inhibition (in period III). The mitral axons have another well-developed system of recurrent collaterals which terminate in the external plexiform layer and which might provide thereby an input to either the mitral secondary dendrites or peripheral granule dendrites. A direct connection with the mitral secondary dendrites was, however, ruled out by the long latency of onset of antidromic mitral inhibition, and the polysynaptic character of the inhibition (33, 48). A recurrent collateral input to the granule dendrites (in the EPL), on the other hand, might be expected to have an action similar to the input we have postulated from the mitral secondary dendrites, and is therefore difficult to rule out. If the inhibition were mediated by granule cells activated by mitral recurrent collaterals, it should begin earlier when evoked by the antidromic route than by the orthodromic route. In fact, unitary studies (33, 46, 48) have shown that inhibition begins at approximately the same latency following either an orthodromically or an antidromically evoked spike in the mitral cell body; this would be expected with a dendrodendritic pathway, as described above in relation to Fig. 15 B. In other studies (55) (15) are consistent with the self-inhibitory feature of the dendrodendritic pathway. It may be concluded that the evidence from several lines of physiological study is consistent with the dendrodendritic inhibitory pathway.
Until now the term "recurrent inhibition" has been used in connection with recurrent axon collaterals which are present in many neurons of the central nervous system. Since the dendrodendritic pathway provides for the same type of negative feedback as that mediated by recurrent collaterals it may be well to use the term "recurrent inhibition" in a general physiological sense without restricting it to one anatomical pathway. It appears that further work is needed to characterize the functions of the mitral axon collaterals.
One possibility is that the recurrent collaterals provide for activation of the tufted cells in the external plexiform layer (33, 48) . The other input to the external plexiform layer which needs to be considered is the centrifugal fibers which enter the bulb along with the lateral olfactory tract, and might therefore be excited by a shock to the tract. Anatomical studies show that these fibers cc form only a very small proportion of the total number of fibers in the tract" (34, cf. 41); nonetheless, following transection of the tract. cc . . . severe terminal degeneration is found throughout the periventricular and granule cell layers, and many fibers extend superficial to the mitral cells to reach the external plexiform and glomerular layers." Recently, Price fibers, yet the mitral inhibition following these volleys is closely similar to that following tract volleys (47). However, a small input from centrifugal fibers following tract volleys cannot be ruled out, and we have included these fibers among the CCother" elements which make a small contribution to the summed extracellular potentials in the bulb (cf. Figs. 13 and 14) .
During normal olfactory activation of the bulb, or by other experimental methods of activation, different inputs to the granule cells may predominate.
Thus, a volley in the anterior commissure gives rise to extracellular potential gradients of opposite polarity to those in our period III (53), i.e., negativity in the granular layer and positivity in the external plexiform layer. Walsh (53) suggested that this gradient arose from a synaptic depolarization of the deep granule processes by the commissural fiber input. Other possible inputs to the granule cells include the stellate cells in the granule layer and tufted cell collaterals in the inner plexiform layer. Finally, the several types of centrifugal fibers to the bulb from the forebrain terminate in close relation to the granule cells. Thus the granule cell is likely to play a most complex role as a final common path for inhibition in the olfactory bulb.
Am acr ine cells
The granule cell is analogous to the amacrine cell of the retina in lacking an axon (41). Thus it is of considerable interest that electron-microscopic studies have revealed further similarities;
the retinal amacrine cells have been found to participate in "serial" or "reciprocal" synapses with bipolar cells (7, 7a, 25, 43a) . Although there are differences in the structural details, there is some formal similarity in that these retinal amacrine cells appear to be both postsynaptic and presynaptic to the bipolar cells, whereas the olfactory granule cell gemmules appear to be both postsynaptic and presynaptic to the mitral cell dendrites. On the basis of these similarities, we similar to that we have proposed for the olfactory bulb. By this we implied the possibility that such a mechanism for lateral inhibition and adaptive inhibition might be common to several sensory systems. These possibilities must, of course, be tested by future research. It may be noted that the orientation of the amacrine cells in the retina lacks the simple radial orientation which was basic to our analysis of granule cell potentials.
It recently came to our attention that Gray and Young (14, 56) h ave suggested that the amacrine cells in the optic lobe (VU2) of Octopus function as inhibitorv interneurons. These amacrine cells have ' synapses with vesicles on both sides, and both presynaptic and postsynaptic functions were postulated. These cells are very numerous in this lobe and Young (56) regards them as important components of the memory system in Octopus.
Rhythmic potentials
The resting activity of the bulb is characterized by spontaneous potential oscillations ("EEG waves") of large amplitude (12). During odorous stimulation of the olfactory mucosa the activity recorded from the surface of the bulb consists of rapid "induced" potential waves (1). Though a discussion of the nature of these types of activity is beyond the scope of this paper, we have previously noted that the dendrodendritic synaptic interactions between mitral and granule cell populations are well suited for the development of rhythmic activity (cf. 40). Impulse discharge in many mitral cells results in synaptic excitation to the processes of a large number of granule cells. These granule cells constitute an internuncial pool that delivers graded inhibition to the mitral cells. As the granule cell pool begins to inhibit the mitral cells, this begins to cut off the source of synaptic excitatory input to the granule cells. As the granule cell activity subsides, the amount of inhibition delivered to the mitral cells is reduced; this permits the mitral cells to respond again to the excitatory input from the glomeruli.
In this way a sustained excitatory input to the mitral cells would be converted into a rhythmic sequence of impulse followed by inhibition, locked in timing to a rhythmic activation of the granule cell pool. Fig. 9 ), this should not be regarded as a reliable guide to intracellular conduction velocity. Ochi noted the similarity in time course between the large negative and positive potentials, and suggested that the negative potential represented a current sink due to synaptic activation of the mitral dendrites via the mitral axon collaterals; the positive potential he regarded as the associated current source, without further identification of the pathway involved.
In his interpretation the source would have to include the mitral axons, which we assess to be inadequate for the large current flow generated.
In the turtle, according to Iwase and Lisenby (21), there is a " . . . slow negative excursion" (in the external plexiform layer) which is the result of " . . . depolarization of the mitral cell basal dendrites and of the activities of granular cells which synapse with the mitral cell dendrites."
No explanation was offered for how this potential distribution might arise, or what the granule cell contribution to this potential might be.
Mitral dendritic membrane properties
Our computations with the mitral model favor the assumption of either electrotonically short passive dendrites or electrotonically longer active dendrites (cf. Fig. 8 ). We are inclined not to press further in deciding between these alternatives.
One reason is that the experimental transients in different microelectrode penetrations vary somewhat in their relative amplitudes.
Also the critical time for discriminating between these theoretical alternatives is in period II, at a time when the current flows from other elements, as well as from granule cells, have become significant. A unique fit of theory with experiment is not possible at this time, because either the active or the passive dendritic case can be accommodated by adjustment of the component transients in various superpositions, of which Fig. 13 is only one example.
Rather than engage further in these details we should like to point out the possibility that mitral dendrites of both types might be present in the experimental population. Such a mixed population of active and passive mitral dendrites could be interpreted in the following manner. The larger mitral cells have thick dendrites which are correspondingly short electrotonically, so that normal orthodromic activation of the glomeruli (cf. Fig. 1 ) would be effective by passive spread alone. The smaller mitral cells with their thin dendrites would be electrotonically more distant from the glomeruli and active impulse propagation might be necessary to transfer the glomerular inpu t to the mitral axon. Another tion would be that normally all internretathe mitral dendrites have active properties, conditions of surgery, anesthesia but that the and experimentation render the dendrites passive, beginning with the larger ones. These possibilities would seem to be open to further study. SUMMARY 1. A computational neuron model has been developed and tested for its sufficiency in reconstructing field potentials recorded in the olfactory bulb after a volley in the lateral olfactory tract.
One set of co mputatio ns simulates synchronous an tid .romic invasion of the mitral cell population;
another set stimulates synchronous synaptic activation of the granule cell population.
The theoretical results establish that the initial brief time periods (I and II) of the recorded field potentials can be attributed primarily to activity of the mitral cell population. The recorded potential distribution during the following longer time period (III) could not be due to extracellular current flow generated by the mitral cell population; it could be due to current generated by the granule cell population. The timing and location of such mitral and granule cell activity led us to postulate that mitral dendrites deliver synaptic excitation to granule dendrites, and that granule dendrites then deliver synaptic inhibition to mitral dendrites. Structures for such a dendrodendritic synaptic pathway have been demonstrated in electron micrographs by others. 2. Realistic sequences of antidromic and synaptic activity in representative neurons were computed by means of a mathematical model that is based upon known anatomical facts and nerve membrane properties. The functional rela I tions between axonal, somatic, and dendritic mem .brane were simulated bv the mathematical equivalent of a compartmental model. The values assigned to several theoretical parameters of the general model provide for approximations to particular neuron types, such as mitral cells or granule cells. The values of these parameters determine the following: a) the geometric factor for invasion of soma and dendrites by an impulse propa- gating antidromically along the axon, b) the magnitude of background facilitation in the dendritic membrane, c) the extent to which the dendritic membrane is assumed "active" or " passive" with respect to impulse propagation, and d) the effective electrotonic length of the dendrites. This general model includes also a mathematical model for generating action potentials with adjustable kinetics. Numerous exploratory computations were used to find several different combinations of these theoretical parameters which result in approximations to the experimental data. 3. In developing the theoretical model, the spherical symmetry of the bulbar layers and the synchrony of bulbar activation permit an important simplification: the field potentials become essentially functions of only two variables, time and radial depth in the bulb. The relative values of intracellular and extracellular resistance (per unit distance along bulbar radii) for mitral dendrites, mitral axons, and granule dendrites were found to be of basic importance to these theoretical reconstructions.
Although the values used are only approximate, they differ by orders of magnitude;
this forced the conclusion that the mitral cells could not generate the potentials of period III, and that the granule cell population provides the only plausible generator of these potentials.
4. The experimental finding of a potential difference between bulbar surface and distant reference electrode implies that the spherical symmetry of the bulb is punctured, thus providing an extra pathway for current flow between the depth and surface of the bulb. The position of the distant reference electrode along this extra pathway gives rise to a potential divider effect in the recordings. This effect is crucial to the interpretation of the recorded transients and is incorporated in the theoretical model. For mitral cell activity, a potential divider ratio of approximately 1: 4 in the theoretical model produces a superficial (GL) potential transient that is one-fourth the amplitude of the deep (MBL) potential, and of opposite sign. Similar considerations apply to the interpretation of granule cell potentials, with a ratio (ca. 1: 2) reflecting the deeper distribution of the granule cell processes. 5. During period I, both the positivity in the outer bulbar layers (GL to surface) and the negativity at the mitral body layer (MBL and deeper) of the computed field potentials are produced by the flow of extracellular current from the mitral dendrites radially inward to the actively depolarizing mitral cell bodies. During period II, both the negativity in the outer layers and the associated deep positivity of the computed potentials are produced by the flow of extracellular current radially outward from repolarizing mitral soma membrane to depolarized mitral dendrites. During period III, both the computed negativity in the external plexiform layer and the computed positivity in the granule cell layer are produced by the flow of extracellular current from the deep processes of the granule cells radially outward to the synaptically depolarized granule cell dendrites in the external plexiform layer. 6. Field potentials during periods I and II of antidromic mitral activity are best simulated by assuming either active dendrites of relatively long electrotonic length or passive dendrites of relatively short electrotonic length. Overlap of mitral and granule activity during period II prevents further discrimination between these cases. Usual methods for estimating intracellular conduction velocity from field potentials are shown to be unreliable in the case of a detailed simulation of mitral intracellular potentials and bulbar field potentials.
7. The concept of the granule cell as an inhibitory interneuron acting upon mitral cells is reinforced and extended. The dendrodendritic synaptic pathway we have postulated provides a possible mechanism for adaptive and lateral inhibition of the mitral cells. This pathway contains several novel features which are of general interest in neurophysiology, apart from the olfactory bulb: a) dendritic membrane can transmit as well as receive synaptic information, b) dendrodendritic synapses provide a mechanism for axonless neurons to interact integratively with other neurons, c) such neurons may function without generation of an action potential, and d) these synaptic interactions also provide a mechanism for generating rhythmic activity in neuronal populations.
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